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Abstract 
Printed electronics refers to the technologies of fabricating electronic and optoelectronic 
devices by traditional printing methods. Especially roll-to-roll mass-printing is foreseen to 
enable low-cost devices on flexible substrates. Direct-write patterning methods, such as inkjet 
printing, inspire potential for cost-savings in R&D prototyping and customization. 

 
Various organic and inorganic materials can be printed in liquid form and subsequently 

cured to obtain desired electric functionalities. For example, metals can be printed as 
nanoparticle dispersions and sintered to obtain high conductivity. In this Thesis, the 
applicability of silver nanoparticle inks for printed wiring, interconnections, memories, 
antennas, and wireless resonant tags, is investigated. The Thesis work involves modeling, 
simulating, fabricating, measuring and analyzing the prototype structures. 

 
Novel methods for sintering nanoparticles are developed. The rapid electrical sintering 

method, performed by applying voltage over the printed structure, is shown to provide a 
conductivity increase of more than four orders of magnitude in just milliseconds with the 
resulting conductivity reaching above 50 % that of bulk silver. The method is further 
developed to allow for a more practical adaption via contactless coupling at microwave 
frequencies. A room-temperature sintering method based on the chemical removal of the 
nanoparticle stabilizing ligand through interaction between the ink and the coating layer of 
the printing substrate is also presented. The substrate-facilitated sintering method is shown 
to enable in situ component attachment to printed structures. 

 
Inkjet printed RFID antennas and a wireless RF resonant tag fabricated by a combination 

of roll-to-roll gravure and inkjet printing are shown to provide reading distances sufficient for 
many practical applications. A novel approach for contactless read-out of printed memory is 
introduced and demonstrated for a memory structure inkjet printed using silver nanoparticle 
ink. The information content of the memory is stored in memory bits selectively programmed 
using the rapid electrical sintering method. 
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Tiivistelmä 
Painettava elektroniikka käsittää sähköisesti toiminnallisten komponenttien ja rakenteiden 
valmistamista perinteisiä tulostus- ja painomenetelmiä hyödyntäen. Rullalta rullalle -paino-
menetelmät mahdollistavat elektroniikan prosessoinnin taipuisalle painoalustalle erittäin 
halvalla. Digitaaliset suoratulostusmenetelmät, kuten mustesuihkutulostus, soveltuvat 
erityisesti prototyyppien ja yksilöityjen tuotteiden valmistukseen kustannus-tehokkaasti ja 
ympäristöystävällisesti. 

 
Lukuisia orgaanisia ja epäorgaanisia materiaaleja voidaan prosessoida nestemuodossa. 

Esimerkiksi metallisten nanopartikkeleiden matalaa sulamislämpötilaa voidaan hyödyntää 
johteiden valmistuksessa, kun nanopartikkelimusteena tulostettu kuviointi saadaan 
sintrattua johteeksi merkittävästi vastaavan metallin sulamislämpötilaa alhaisemmassa 
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Väitöskirjassa esitellään kaksi uutta sintrausmenetelmää. Väitöstyössä kehitetty 

sähkösintrausmenetelmä, joka perustuu nanopartikkelikerroksen termosähköiseen 
takaisinkytkentään, aikaansaa hyvin nopean ja tehokkaan sintrauksen myös lämpöherkillä 
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1. Introduction 

1.1 Background 

The last decade or so has seen the emergence of a new field of research combin-
ing the skills of chemists, physicists, electrical engineers and graphic arts experts 
to create structures and devices with certain functionalities by means of printing. 
Instead of serving merely as a graphical pattern, the printed structure now has 
the purpose of performing some function. A tremendous variety of components 
can be fabricated by printing to constitute printed intelligence. The potential end 
products include flexible displays, power sources, large-area user interfaces, 
radio frequency identification (RFID) tags, spoilage indicators on consumer food 
packages, functional touch-surfaces, disposable diagnostic sensors, etc., operat-
ing as stand-alone devices or as part of a larger information system. 

The origins of these research activities are often traced back to the discoveries 
made with the conducting polymer polyacetylene in the late 1970s [14]. Thereaf-
ter, a series of technological developments in doping and solution-processing of 
polymers has created what is referred to today as organic electronics (or alterna-
tively plastic electronics). The first integrated circuit (IC) based on organic tran-
sistors was demonstrated in 1995 [15]. Complementary to polymers, also inor-
ganic materials can be engineered into liquid form to enable solution-processing. 
For example, metallic and semiconducting nanoparticle inks can provide im-
provements in material properties such as conductivity, semiconductor charge-
carrier mobility, and environmental stability with respect to their organic coun-
terparts [16-20]. Hence, the term printed electronics best describes this set of 
technologies for electronics manufacturing using functional inks and conven-
tional printing methods as well as the diverse multitude of the electronic prod-
ucts assembled this way. 



1. Introduction 

18 

1.2 Motivation 

Printed electronics is not being developed to replace silicon-based electronics; 
the integration density and electric performance obtained by etching the surface 
of single-crystal silicon wafers at high resolution, and the corresponding cost per 
function, are far beyond what any combination of inks and printing methods can 
offer. Nonetheless, the estimated market potential of printed electronics is huge 
with annual revenues projected at above $50 billion by 2020 [21]. Here, the 
promise is the advent of large-area devices typical of comprising a low fill-factor 
pattern and/or several thin material layers, which can be manufactured in high-
volumes on very low-cost substrates. 

Some of the recently demonstrated printed electronics components include or-
ganic light emitting diodes (OLED) [22-24], photovoltaics (PV) [25-27], transis-
tors [20,28-33], passive electric components [34], interconnecting circuit wiring 
[35,36], antennas [37-39], memories [4,40-42], and sensors [43-47]. The chal-
lenge is in that many of the conceivable applications that first spring to mind 
(e.g. printed visitor access cards, low-cost temperature/time logging electronic 
tags, or perhaps an interactive screen on a Happy Meal™ box) often impose high 
requirements on circuit complexity and set strict manufacturing specifications 
accordingly. Although various applicable circuit components (e.g. high frequen-
cy (HF) rectifiers [48] and transistors demonstrating GHz-operation [49]) and 
fully functional devices (e.g. a 1-bit RFID tag [50]) can be achieved by using 
state-of-the-art inks and high-resolution printing tools [51,52], it has yet to be 
proven whether the all-printed electronics approach will ultimately lead to more 
cost-effective manufacturing than is obtained with hybrid solutions comprising 
microchips attached to printed circuitry [53]. On the other hand, by relaxing the 
feature size and tolerance requirements to ascertain yield and cost demands are 
met, we quickly limit the scope of attainable products with a viable market [54]. 
That is to say that printed electronics may very well revolutionize our daily lives 
by enabling ubiquitous tags, screens, touch-panels, sensors or what have you, but 
these solutions will probably be enabled only by a combination of a printed 
large-area platform and one or several extremely small silicon microchips inter-
connected to the printed wiring via some cost-effective chip attachment proce-
dure. 

Printed electronics is highly materials-oriented: (i) the inks must perform as 
stable dispersions with carefully tuned viscosity and surface-tension values for 
printing while (ii) the transferred material films provide the necessary electronic 
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functionality in the end product, such as charge transport via interlinked mole-
cules or particles. The challenge is that these requirements often impose contra-
dicting demands on ink composition. This is the case, for example, with metallic 
nanoparticle inks, where the particles must be capped with a protective shell to 
obtain a stable dispersion but, on the other hand, a tightly bound capping layer 
means that rather high temperatures are required to anneal (sinter) the printed 
structure. The efficiency of sintering, i.e. the degree with which the adjacent 
nanoparticles are fused together to form a continuous structure, directly reflects 
conductivity. Particularly for applications requiring as low-resistance wiring as 
possible (e.g. RFID coil antennas and conductor grids on optoelectronic  
devices), the resulting conductivity (efficiency of material usage) scales directly 
with material costs. 

Nanoparticle sintering is typically carried out by heating the printed structure 
in an oven or on a hotplate; near-bulk conductivity can be obtained by curing at 
above ca. 200 °C for a duration of several minutes [18,55,56]. These conditions 
are often challenging for low-cost substrates (due to e.g. shrinkage and gas emis-
sions) and limit processing speeds on high-throughput roll-to-roll (R2R) printing 
lines. Hence, various alternative sintering methods have been recently intro-
duced to overcome some of these limitations. These include at least laser sinter-
ing [57-61], pulsed light sintering [62-65], microwave sintering [66,67], chemi-
cal sintering [68-70], and plasma sintering [71]. 

1.3 Scope and Contents of the Thesis 

This Thesis contributes to printed electronics by introducing novel room-
temperature sintering methods and applications thereof. The rapid electrical 
sintering (RES) method provides (i) extremely short sintering times (conductivi-
ty increase of several orders of magnitude in just milliseconds), (ii) reduced sub-
strate heating to enable processing also on temperature-sensitive surfaces, (iii) 
energy-efficient processing, (iv) real-time monitoring of the process, and (v) 
excellent quality (above 50% of bulk silver conductivity thus far demonstrated). 
The method is further developed to enable contactless processing over a  
constantly moving substrate emulating a R2R printing environment. RES lends 
itself readily to memory applications by enabling a low-voltage operated write-
once-read-many (WORM) type all-printed memory. In this Thesis, a contactless 
coupling scheme for read-out of the information content of a printed memory of 
this kind is also introduced and demonstrated. The second method, substrate-
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facilitated sintering (SUFS), is based on the removal of the particle capping layer 
(stabilizing ligand) through interaction with a chemically matched ink-receptive 
substrate coating layer. This way, the exposed metallic nanoparticles are re-
leased into contact whereafter sintering progresses towards a thermodynamic 
equilibrium under ambient conditions. Furthermore, SUFS is shown to enable 
direct interconnection of discrete components to printed wiring. This approach 
can provide extremely cost-effective component assembly via inline printing and 
chip placement to realize hybrid solutions. The performance of inkjet printed 
RFID antennas and gravure printed passive radio frequency (RF) circuitry is also 
studied. 

This Thesis overview begins with an introduction to the materials and meth-
ods deployed in the work (Chapters 2 and 3). Thereafter, the scientific results 
and findings of the publications [I-VII] are summarized in Chapters 4, 5 and 6. 
The developed technologies and applications are discussed and critically evalu-
ated in Chapter 7. The conclusions are presented in Chapter 8. 
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2. Printing of Functional Materials 

A multitude of functional materials can be engineered into liquid form to pro-
duce e.g. electroluminescent, semiconducting, or metallic layers using traditional 
graphic arts printing methods [16,22,28,29,31,72,73]. The optimal ink composi-
tion is often a trade-off between solubility and the final obtained electronic func-
tionality. For complete printed devices, control of ink-substrate and interlayer 
interactions such as adhesion, wetting and diffusion phenomena has a large im-
pact on performance. In this Chapter, some of the printing methods employed in 
printed electronics research and manufacturing are described. Ink behavior on 
the substrate surface and multi-layer printing are also briefly discussed. 

2.1 Printing Methods 

Electronic inks are printed using either contact-mode template or contactless 
direct-write methods onto a web-fed (R2R) or sheet-fed substrate. With contact 
printing techniques such as gravure, flexography or screen printing, the ink is 
transferred onto the substrate via an image-carrying master template. Direct-
write patterning methods enable printing directly from digital format. 

In gravure printing, the surface of a metallic printing cylinder is patterned as a 
raster of small cells, which hold the ink while excess ink is removed by a doctor 
blade during printing. The amount of ink transferred from the cells onto the 
printing substrate is dependent on cell shape and volume as well as the ink  
properties and the operating parameters applied [74]. R2R gravure printing is 
particularly suitable for high volume printing of thin layers of uniform thickness 
[73] as demonstrated for OLEDs in [23,24]. Similarly, gravure has been used for 
printing the semiconducting and dielectric layers of organic thin-film transistors 
(OTFT) [29,30,33,73]. Conductors can be gravure printed from silver nano-
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particle ink [50,75,VII] to provide high-resolution patterning with line widths of  
20 μm [30,52] demonstrated at best. 

Flexographic printing utilizes a rubber or polymer relief on a cylinder to trans-
fer the image. Compared to gravure, flexographic printing can be performed 
with minimal pressure between the cylinder and substrate so that printing over 
sensitive layers is possible [73]. This method is compatible with organic [29,76] 
and inorganic [38,73] materials alike although the rubber relief does impose 
some constraints on the variety of chemically compatible solvents. 

Screen printing is applied by moving a squeegee across a patterned mesh sten-
cil, which enables ink transfer though the image areas onto the substrate. Screen 
printing with silver flake pastes has been widely applied for fabricating RFID 
antennas [12,13,77] and photovoltaic metallizations [78,79] although e.g. screen 
printed OTFTs have also been reported [80]. The thickness of silver paste screen 
printed layers can reach ca. 20 μm. Here, the electrical conductivity typically 
obtained after thermal curing (electrical conductivity arises through reduced 
contact resistance between micron-size silver flakes in a polymer matrix) is at 
least a decade lower than can be obtained via silver nanoparticle sintering. 
Hence, the resulting sheet resistance is roughly equivalent for screen printed 
thick-film conductors and inkjet printed nanoparticle conductors with thicknes-
ses typically in the micron range. Flexographic plates and screen meshes are 
cheaper than engraved gravure cylinders, which makes these methods more at-
tractive for testing and manufacturing of small batches. 

A R2R printing line may comprise several printing units allowing for each 
material layer to be printed using the best suited method, respectively. Figure 
1(a) shows the R2R printing system employed at the Flexible Display Research 
Centre of Konkuk University, where the printing work of [VII] was carried out. 
The numbering (1)-(13) indicates the sequence of units through which the web 
flows in the system. In Figure 1(b), a dielectric layer is gravure printed over 
underlying conductor patterning at a web speed of 5 m min-1. Here, the cell 
depths of the gravure cylinders for the conducting and dielectric layers were 
etched to 18 μm and 42 μm, respectively [VII]. 
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Figure 1. (a) R2R printing system: (1) unwinding unit, (2) edge positioning unit, (3) infeed-
ing unit, (4) preheating unit, (5) flexo-printing unit, (6) direct gravure printing unit, (7) hot 
air drying unit, (8) edge positioning unit, (9) cooling unit, (10) non-contacting transporta-
tion unit, (11) gravure offset printing unit, (12) suction roll, and (13) hot air drying unit.  
(b) Direct gravure printing of conducting coil patterning and dielectric layer [VII]. 

Direct-write methods enable contactless deposition of functional materials to 
generate a printed replica of a digital image. Inkjet printing is by far the most 
widely applied direct-write patterning method [81,82] although other methods, 
such as Aerosol Jet printing1, are also attractive especially for rapid prototyping 
                                                      

1 Aerosol Jet is a registered trademark of Optomec, Inc. http://www.optomec.com 
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and for highly customized printed electronics applications [83-85]. A range of 
vendors offer piezoelectric drop-on-demand inkjet printheads and systems for 
laboratory-scale materials testing through to industrial-scale manufacturing. 
Here, a piezoelectric actuator in the printhead expands in response to a voltage 
pulse causing a pressure wave in the liquid, and expelling a single droplet 
though the nozzle [82,86]. The in-flight drop diameter is directly related to the 
diameter of the nozzle and is typically in the range of 10-100 μm [87,88]. How-
ever, also submicron patterning resolution has been demonstrated with a custom-
built inkjet system [51]. Inkjet has been applied for printing transistors 
[28,31,32,89], OLEDs [22], photovoltaics [25,26], antennas [37,V], memories 
[4,41,VI], sensors [43,44,46,47], and many other components and devices. 

The inkjet printing work of this Thesis is performed using the single-nozzle 
Autodrop system (Microdrop Technologies GmbH), the DMP-2831 desktop 
printer (FUJIFILM Dimatix, Inc.), and the pilot-scale XY-MDS2.0 sheet-fed 
printer (iTi, Inc.) driving a Spectra SX-128 printhead (FUJIFILM Dimatix, Inc.). 
A significant benefit related to single-nozzle printing is the possibility to print in 
vector-graphics mode, where the printhead follows the print pattern also for 
curvilinear geometries. Figure 2(a) visualizes the drop formation on the Auto-
drop system as a temporal sequence of images. The fluid first emerges from the 
nozzle as a drop followed by a ligament tail, which eventually collapses into the 
droplet so that a spherical drop is formed by the point at which the ink impacts 
the substrate. The DMP’s cartridge-style printheads have 16 nozzles linearly 
spaced at 254 μm, where the nominal drop volume is either 1 or 10 pL according 
to the cartridge type. Figure 2(b) shows RFID dipole antenna printing on the 
DMP; the cartridge is turned at an angle to adjust the printing resolution. The 
XY-MDS2.0 system with a Spectra SX-128 printhead was used in [IV] and [VI] 
for jetting silver nanoparticle ink at 100 mm s-1 head speed and 600 dpi printing 
resolution. Also here, the inter-nozzle distance (native resolution) is larger than 
the inter-drop distance (print resolution) and multiple passes are required to 
complete the pattern. The scanning electron microscope (SEM) image of Figure 
2(c) shows a polyimide dielectric line printed (with the pilot-scale iTi system) 
over a 60 μm high chip edge demonstrating the capability of inkjet for printing 
over 3-D topologies [90]. 
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Figure 2. (a) Drop formation on the Autodrop single-nozzle inkjet printer2. (b) Antenna 
printing on the DMP-2831 desktop inkjet printer. (c) SEM image of a dielectric line inkjet 
printed over a 60 μm chip edge (Reprinted from [90], Copyright (2010), with permission 
from Elsevier) 3. 

2.2 Ink Behaviour on Receptive Surface 

A challenge with applying printing methods beyond their commonplace graphics 
use for fabricating electronic structures is obtaining smooth and continuous ma-
terial layers. While a pixilated inkjet or gravure printed pattern can appear 
smooth to the naked eye, any single discontinuity in a conductor or pinhole in an 
insulating layer is cause enough for device failure. Hence, an appropriate degree 
of wetting on the receptive surface is desirable to achieve adequate pixel overlap 
while maintaining a high feature resolution. 

                                                      

2 Courtesy of K. Ojanperä of VTT 

3 The printing work of [90] was carried out at VTT by K. Eiroma and the author as part 
of a contract research project. 
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Figure 3. Inkjet printed silver nanoparticle ink on (a) bare glass slide demonstrating strong 
wetting and (b) surface-treated glass slide proving a small drop diameter. The printing 
was carried out at 200 μm droplet spacing with a 50 μm printhead nozzle diameter. 

The chemical and physical processes governing drop impact on a solid surface 
and subsequent spreading via inertial, surface tension and capillary forces, as 
well as the coalescence of neighboring liquid drops, are thoroughly studied in 
the context of inkjet printing [88,91]. The equilibrium contact angle of the drop 
with the receptive surface and drop spacing greatly affect the pattern dimensions 
obtained [91]. This is visualized in Figure 3 with an array of drops inkjet printed 
at 200 μm spacing onto a bare glass slide in Figure 3(a) and a glass slide dip-
coated with a fluoropolymer surface treatment solvent (Novec EGC-1700  
supplied by 3M, Inc.) in Figure 3(b). This pre-treatment procedure significantly 
decreases the surface energy of the glass slide to promote anti-wetting of the 
silver nanoparticle ink (Silverjet DGP-45LT-15C, supplied by Advanced Nano 
Products Co. Ltd., was applied here). 

The print dimensions can be further controlled by adjusting the temperature of 
the substrate. For example, high resolution features are obtained by immobili-
zing and solidifying the drops immediately upon impinging on the hot substrate. 
This approach, however, is often limited by the thermal budget of the substrate. 

When printing on substrates coated with a porous, ink-receptive layer, such as 
inkjet photopapers, both spreading and infiltration processes coexist and some-
what compete [88]. The coated polyethylene terephthalate (PET) substrate of 
Figure 4(a) reveals the principle of particle fixation at the drop location while the 
ink solvent is absorbed into an underlying layer and transported also outside the 
target areas [IV]. Figure 4(b) shows lines inkjet printed on photopaper as a series 
of overlapping drops at a relatively large inter-drop spacing. 
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(a) (b)(a) (b)  

Figure 4. Inkjet printed silver nanoparticle patterning on coated substrates. (a) The coat-
ing layer provides particle fixation at the drop location while the solvent is pulled into an 
underlying layer (visible as a glare around the printed pattern). (b) Line formation by print-
ing a sequence of overlapping drops. 
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Figure 5. (a) Optical microscope view of inkjet printed narrow line between contact pads. 
(b) AFM profile scan over the line [I]. 

Nanoparticle inks designed for inkjet or gravure printing have low solid con-
tents (corresponding to a few volume percent). When printed on a non-absorbing 
surface, the printed layer thus undergoes a significant reduction in volume upon 
solidification resulting in a dry layer thickness typically of the order of one mi-
cron [V]. Similar layer thicknesses are obtained by printing on coated substrates, 
in which case the solvent is removed via absorption rather than evaporation. In 
[I], a silver line equivalent to that imaged in Figure 5(a) was inkjet printed on 
photopaper to provide a line thickness and width of h = 900 ± 100 nm and  
w = 60 ± 10 �m, respectively. The corresponding atomic force microscope 
(AFM) scan across the width of the line is shown in Figure 5(b). 
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2.3 Multilayer Printing 

Most printed electronics components and devices are assembled by printing 
more than one material layer. Furthermore, printing successive layers is required 
in some applications to increase the thickness of a certain layer, e.g. the metal 
wiring of RFID coil antennas [V]. Although layering of materials is one of the 
strengths associated with printing methods for electronics manufacturing, multi-
layer printing imposes further material and process-related prerequisites: (i) con-
trolling the fluid dynamics on a previously printed layer, for which the surface 
chemistry and roughness can significantly deviate from that of an optimized 
substrate surface, is often challenging, (ii) the printed materials must be cross-
compatible in that e.g. the ink solvent or nanoparticles will not dissolve or mi-
grate through the underlying layer, and (iii) each layer must be aligned correctly 
with respect to the underlying patterning (an optical fiducial camera or punched 
registration holes are often applied [92,93]). The microscope image of Figure 6 
shows gravure printed conducting and insulating layers followed by an inkjet 
printed conducting layer. Here, the insulating second layer is pinhole-free even 
though the first layer possesses a high surface roughness [VII]. 
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Figure 6. Inkjet and gravure printed multilayer structure [VII]. 
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3. Nanoparticle Inks 

Nanoparticle inks are increasingly exploited in printed electronics for realizing 
conductors [18,19,56], transparent electrodes [94], transistors [16,20], and sev-
eral other structures. Metallic nanoparticles (silver [18,19,56] is most widely 
applied although e.g. gold [19,34] and copper [95-97] have also been studied) 
enable inkjet or R2R printing of high quality conductors on low-cost, flexible 
substrates. Here, the nanoparticles are usually capped with a protective ligand 
shell to prevent particle agglomeration when dispersed in the liquid vehicle 
[98,99]. Once printed, a continuous metallic structure is obtained by evaporating 
or absorbing the ink solvent and sintering the nanoparticles. 

3.1 Size-dependent Melting Temperature 

Metallic particles in the size range of 1-100 nm have remarkable electronic and 
structural properties [100,101] significantly altered from those of either the bulk 
or the corresponding single atom. It is well-established experimentally that the 
melting temperature of metallic nanoparticles decreases with decreasing particle 
size [101-103]. Although various proposed theoretical models have been shown 
to provide a reasonable fit to the experimental data [101,104-106], understand-
ing the surface interactions and the internal arrangement of atoms is a complex 
task [107,108]. Nonetheless, the general prediction of these models is that the 
lowering of the melting temperature is directly proportional to the surface-to-
volume ratio of the nanoparticle; the physical interpretation being that the sur-
face atoms are less constraint in thermal motion because of reduced atomic co-
ordination numbers relative to the bulk [107]. This unique property is exploited 
in low-temperature curable conductive nanoparticle inks such as the kind studied 
in this Thesis. 
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3.2 Sintering 

The nominal particle diameter in metallic nanoparticle inks typically ranges 
from 2 to 60 nm [16,18,19,34,56,95,109,I-VII]. A capping ligand is applied to 
keep the metal particle cores detached and to provide solubility. Thiol ligands 
[98] provide a high binding strength to the metal core and result in a more stable 
ink than can be obtained with polymer ligands [99]. Similarly, also the energy 
required for breaking the particle-ligand bonds to allow for physical contact 
between the particles after printing, is higher. For this reason, polymer ligands 
are often utilized in low-curing temperature silver nanoparticle inks. The trans-
mission electron microscope (TEM) image of Figure 7(a), obtained by thinning 
silver nanoparticle ink (Inkjet Silver Conductor AG-IJ-G-100-S1 of Cabot Print-
able Electronics and Displays, Inc.) with ethanol and ethylene glycol and placing 
a drop onto the TEM grid, reveals the polymer layer encapsulating the silver 
nanoparticle core to have a thickness of ca. 1 nm. 

The nanoparticle layer is usually electrically insulating immediately after 
printing. Thereafter, the solvent is removed to provide a network of closely-
packed ligand-separated nanoparticles as shown in Figure 7(b) for silver nano-
particle ink (Inkjet Silver Conductor AG-IJ-G-100-S1 of Cabot Printable Elec-
tronics and Displays, Inc.) printed on polyimide. Throughout this Thesis, this is 
considered as the initial nanoparticle structure prior to sintering. 

Sintering takes place as the particle-ligand bonds are broken and the exposed 
nanoparticle cores are released into contact [68,IV]. Nanoparticle coalescence 
progresses with the formation of neck structures at the particle interfaces prima 
rily driven by the surface energy reduction experienced as the particles fuse 
[110]4. High conductivity is achieved through these percolation channels inter-
connecting the adjacent particles rather than through complete collapse into bulk 
metal [42,111,IV]. Figure 7(c) provides a SEM image of sintered silver nanopar-
ticles on polyimide demonstrating a major structural change from that of the 
corresponding initial unsintered state in Figure 7(b). 
                                                      

4 Many physical processes are manifested in nanoparticle sintering including inter-
particle capacitive and Van der Waals forces, chemical reactions, decrease of total sur-
face energy, diffusion, capillary effects, viscous flow, phase transitions, etc. The deriva-
tion of an accurate nanosintering model beyond classical “large particle” sintering theo-
ries [112] is a subject of ongoing study [158]. 
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Figure 7. (a) TEM image of part of a silver nanoparticle encapsulated with a polymer 
shell5. SEM images of inkjet printed silver nanoparticles on polyimide (b) before and (c) 
after sintering6. The insets are provided to schematically illustrate the structural change 
the nanoparticle layer undergoes during sintering. 

Nanoparticle sintering is usually accomplished by heating in an oven/furnace 
or on a hotplate. Depending on the particle size and the binding strength of the 
ligand shell, the sintering temperatures are typically around 100-400 °C 
[18,97,111]. The measured sheet resistance of lines of various widths inkjet 
printed with silver nanoparticle ink on polyimide and oven sintered at 240 °C for 
15 min is shown in Figure 8. A linear dependence between sheet resistance and 
the inverse of the number of printed layers is apparent in Figure 8 from which a 
corresponding conductivity of 16 MS m-1 was computed in [V]. 

                                                      

5 The TEM imaging was carried out by Dr. H. Jiang of Aalto University together with 
the author. 

6 The SEM imaging was carried out by Dr. M. Aronniemi (currently with Vaisala Oyj) 
together with the author at VTT. 
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Figure 8. Sheet resistance of silver nanoparticle lines inkjet printed on polyimide and 
sintered at 240 °C for 15 min [V]. 

Recently, alternative sintering methods have been developed to overcome 
some of the drawbacks related to conventional oven sintering (e.g. incompatibi-
lity with low-cost substrates, processing speed limitations, high energy con-
sumption, etc.). These include laser sintering [57-61], pulsed light sintering  
[62-65], microwave sintering [66,67], chemical sintering [68-70], and plasma 
sintering [71], in addition to the RES [I-III] and SUFS [IV] methods introduced 
in this Thesis. The RES and SUFS methods are described in the following Chap-
ters 4 and 5, respectively, and compared against the other sintering methods in  
Chapter 7. 
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4. Electrical Sintering 

This Chapter presents the RES method high-lighting the main results of publica-
tions [I-III]. The method is demonstrated on inkjet printed silver nanoparticle 
structures by applying direct current (DC) voltage as well as via a near-field 
coupled alternating current (AC) electric field. The various applications of the 
method are summarized in Chapter 6. 

4.1 Electrical Sintering with DC Voltage 

Figure 9 illustrates a sintering setup, where sintering electrodes are in contact 
with the nanoparticle layer. When a voltage U is coupled between the sintering 
electrodes, a non-zero current flow (indicated by arrows in Figure 9) causes local 
heating in the layer. This initiates the sintering process and the structure under-
goes a rapid transition in conductivity. The series resistor Rs limits the maximum 
current once the structure is sintered. Contact-mode electrical sintering has been 
applied using DC voltage in [I,II]. 

 

+
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sintering electrodes

substrate

+
-
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sintering electrodes

substrate  

Figure 9. Schematic illustration (drawn out of scale) of a contact-mode electrical sintering setup [III]. 
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4.1.1 Experimental Results 

Figure 10 shows the measured response for RES of an inkjet printed test struc-
ture equivalent to that of Figure 5 with line dimensions l × w = 500 × 60 μm2 [I]. 
The silver nanoparticle structure is rapidly sintered about 3 ms after applying 
UDC as is evident from both the current I in Figure 10(a) and the resistance Rtr in 
Figure 10(b). The resistance of the sample decreases by more than four orders of 
magnitude during the process. The inset in Figure 10(b) reveals the timescale of 
the major transition to be less than 2 μs. 
 

101

102

103

104

105

R
es

is
ta

nc
e,

 R
tr

[O
hm

]

4.03.02.01.00.0
Time, t [ms]

6

0.01

2

4
6

0.1

2

4
6

1

2

P
ow

er, P
tr [W

]

(b)

101

102

103

104

2.9622.9612.9602.9592.958

1.6

1.2

0.8

0.4

60

50

40

30

20

10

0

Ap
pl

ie
d 

vo
lta

ge
, U

D
C

[V
]

0.0001

0.001

0.01

0.1

C
urrent, I[A]Pre-sintering phase

Large-
current
phase

(a)

Transition

101

102

103

104

105

R
es

is
ta

nc
e,

 R
tr

[O
hm

]

4.03.02.01.00.0
Time, t [ms]

6

0.01

2

4
6

0.1

2

4
6

1

2

P
ow

er, P
tr [W

]

(b)

101

102

103

104

105

R
es

is
ta

nc
e,

 R
tr

[O
hm

]

4.03.02.01.00.0
Time, t [ms]

6

0.01

2

4
6

0.1

2

4
6

1

2

P
ow

er, P
tr [W

]

101

102

103

104

105

R
es

is
ta

nc
e,

 R
tr

[O
hm

]

4.03.02.01.00.0
Time, t [ms]

6

0.01

2

4
6

0.1

2

4
6

1

2

P
ow

er, P
tr [W

]

(b)

101

102

103

104

2.9622.9612.9602.9592.958

1.6

1.2

0.8

0.4

101

102

103

104

2.9622.9612.9602.9592.958

1.6

1.2

0.8

0.4

60

50

40

30

20

10

0

Ap
pl

ie
d 

vo
lta

ge
, U

D
C

[V
]

0.0001

0.001

0.01

0.1

C
urrent, I[A]Pre-sintering phase

Large-
current
phase

(a)

Transition

60

50

40

30

20

10

0

Ap
pl

ie
d 

vo
lta

ge
, U

D
C

[V
]

0.0001

0.001

0.01

0.1

C
urrent, I[A]

60

50

40

30

20

10

0

Ap
pl

ie
d 

vo
lta

ge
, U

D
C

[V
]

0.0001

0.001

0.01

0.1

C
urrent, I[A]Pre-sintering phase

Large-
current
phase

(a)

Transition

 

Figure 10. RES process as a function of time. (a) Voltage UDC applied over the sample 
and the series resistor (Rs = 330 �), and the measured current I. (b) Sample resistance 
Rtr and dissipated power Ptr. [I] 
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Figure 11. SEM images displaying progressive neck formation and grain-size growth as 
the maximum permitted peak power Ptr,max of the RES process is increased [II]. 

The power dissipated in the nanoparticle structure Ptr peaks at the transition 
(Figure 10(b)). The peak power Ptr,max strongly correlates with the efficiency of 
sintering, i.e., the resulting conductivity obtained [II]. In Figure 11, Ptr,max is 
stepwise increased by adjusting the applied voltage UDC and series resistance Rs 
accordingly. The SEM images of Figure 11 clearly display the interdependence 
between Ptr,max and the resulting structural change with respect to the unsintered 
starting point. 
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4.1.2 Modeling 

Classic sintering models based on mass transport between particles [112] fail to 
reproduce the fast dynamics observed for RES (see e.g. Figure 10). For the un-
sintered nanoparticle structure, where the minimum interparticle spacing is con-
trolled by the thickness of the ligand shell (typically of the order 1 nm as shown 
in Figure 7(a)), thermal expansion can significantly affect the electro-thermal 
feedback process induced by the voltage boundary condition. Consequently, a 
new statistical model based on thermal expansion of the nanoparticles has been 
developed and compared with experiments [3]. 

In [3], a percolation model is adopted to simulate the randomness of the struc-
ture whereas the nanoparticles are assumed to be of equal size at any one mo-
ment during RES. As the particles expand under Joule heating, the average gap 
size is reduced, and increasingly more gaps are irreversibly decreased to zero to 
form a connected (percolating) system. Comparison with experimental results 
shows good agreement for the dynamics of the process [3]. In Figure 12, the 
temperature of the nanoparticle layer is estimated via simulations and measure-
ments during the sintering process, where different emissivity values are applied 
for the infrared (IR) camera measurements before and after the transition [3]. 
 

 

Figure 12. Simulated and measured temperature of nanoparticle layer during RES [3]. 
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4.2 Contactless Electrical Sintering 

Utilizing an AC electric field enables RES without physically contacting the 
nanoparticle structure. In [III], this is accomplished by applying sintering elec-
trodes above the sample, which capacitively couple to the printed layer. The 
electrode geometry is arranged so as to provide an approximately homogeneous 
electric field across the unsintered structure. An adequate coupling reactance (at 
a feasible working distance between the sintering electrodes and nanoparticle 
layer) is obtained when operating at microwave frequencies. 

Contactless RES surpasses many of the impracticalities associated with DC 
sintering; although DC RES provides excellent performance, contacting the lay-
er limits processing speeds in many applications and is challenging when a large 
contact resistance is present between the electrode and the nanoparticle material. 
Furthermore, sintering large areas with DC voltage is problematic since the pro-
cess easily leads to path formation (the electrical current cannot be directed to 
unsintered areas once a conducting route between the sintering electrodes has 
been formed). 

4.2.1 Capacitive Coupling at Microwave Frequencies 

The AC RES setup can be represented with a circuit comprising a Thévenin 
equivalent voltage source UTh with impedance ZTh and a load impedance ZL, 
which is the equivalent of the impedance seen from the sintering electrodes. A 
major benefit of contactless AC RES over DC sintering is the possibility to pre-
vent the short-circuit effect as explained in [III] using the circuit model of Figure 
13. In Figure 13, we assume the nanoparticle structure to be divided into a set of 
parallel lines between the sintering electrodes, where Ri represents the line re-
sistance and Cs the coupling capacitance between the line and the sintering elec-
trodes. If  

i
s

R
C

�
�

1
 (1) 

for all Ri, and �{ZTh} = -�{ZL} to tune out the coupling capacitance, the total 
power dissipated in the nanoparticle layer is [III] 
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Figure 13. Equivalent circuit model for contactless RES of parallel lines [III]. 
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while the power dissipated in Ri is [III] 
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with PL from Eq. (2). Hence, by appropriately arranging the coupling capaci-
tance so that Eq. (1) is valid, Eq. (2) and Eq. (4) show that (i) positive feedback 
in power insertion can be achieved (e.g. in the same way as for DC sintering in 
Figure 10) while (ii) the power is distributed among Ri so that most power is 
delivered to the location with highest resistivity. This analysis holds true also for 
the case of a continuous nanoparticle layer between the sintering electrodes pro-
vided that the electrode spacing is less than the thermal diffusion length in the 
layer [113]. 
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4.2.2 Experimental Results 

In [III], contactless RES is carried out by moving the sintering head over a print-
ed nanoparticle layer or vice versa with a fixed head over a moving substrate. 
The sintering experiment of Figure 14 was carried out by sweeping a coaxial 
sintering head (based on a SubMiniature version A (SMA) connector) across a 
set of inkjet printed nanoparticle lines of varied widths (w) at 1 mm s-1 with the 
working distance fixed at 10 μm. The power reflected from ZL was sampled 
using a network analyzer to enable online monitoring of the process as demon-
strated in Figure 14. 
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Figure 14. Contactless RES of silver nanoparticle lines inkjet printed on photopaper. The 
offline measured sheet resistance is in good agreement with |ZL| computed from the 
online measured reflected power. [III] 
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Figure 15. Contactless RES over an air gap (d � 1 mm) when RF power and sintering 
speed are varied. Coaxial electrode geometry providing large coupling electrodes and a 
small electrode spacing. [III] 

The coaxial sintering head shown in Figure 15 is designed to fulfill the biasing 
conditions of Eq. (1) when coupled over an air gap of ca. 1 mm. Efficient sinter-
ing is obtained also at high processing speeds without notable deviations in line 
resistance. The experimental results of Figure 15 confirm that an increase in 
processing speed can be compensated by increasing the sintering power.



 

41 

5. Substrate-facilitated Sintering 

Nanoparticle sintering can be chemically triggered at room temperature. In this 
Thesis, this is accomplished with specialty coated substrates. Of particular inter-
est is that this process also enables the effective interconnection of discrete com-
ponents to printed structures on flexible substrates. 

5.1 Sintering Mechanism 

The SUFS method is based on the chemical removal of the nanoparticle stabiliz-
ing ligand through interaction with the coating layer of the printing substrate 
[IV]. Once the ligand-capping is removed, physical contact between the exposed 
particle cores is made possible. Nanoparticle sintering then progresses via diffu-
sion and the release of surface energy as described in Chapter 3.2. The final 
conductivity level is reached on the time-scale of days as compared to the milli-
second performance obtained with RES in Chapter 4. 

Chemically induced room temperature sintering has previously been demon-
strated on silver nanoparticles by dissolving the stabilizing ligand with methanol 
[70] or salts [69], or through charge neutralization [68,114]. In [68], silver nano-
particle dispersions were inkjet printed onto substrates containing a polycation 
solution to provide electrically conducting patterning with resistivity five times 
greater than the resistivity of bulk silver. The experimental work of [IV] demon-
strating SUFS was carried out in parallel with that of [68] and was first reported 
in [10]. 
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Figure 16. SEM images showing the structure of the silica-based ink-receptive coating 
layer on a reference substrate (left) and an optimal substrate providing room temperature 
sintering (right) [IV]. 

The ink-receptive coatings on inkjet substrates typically comprise a solvent 
absorbing layer and a surface layer providing particle fixation (see Figure 4(a) of 
Chapter 2.2). In [IV], it is shown that the coating layer of such a substrate can 
also provide in situ nanoparticle sintering at room temperature. Comparison 
between four commercially available inkjet substrates revealed substantial dif-
ferences in the resulting conductivity of printed silver nanoparticle patterning 
even when all of the substrates were observed to have a silica-based coating 
layer (analyzed by Fourier-transform infrared spectroscopy (FT-IR) and energy-
dispersive X-ray spectroscopy (EDX) SEM) [IV]. The SEM images of Figure 16 
show the surface layer structure of an optimal substrate proving high conductivi-
ty via SUFS and a reference substrate. Although the analysis carried out in [IV] 
is not extensive enough to draw any conclusions as to whether a particular sur-
face layer oxide structure is generally required to enable SUFS, it does suggest 
that the fixation mechanism with the reference substrates (for example that of 
Figure 16(a) having a porous, sponge-like appearance) is possibly more steric in 
nature as compared to the optimal substrates (which were found to have mono-
disperse oxide nanoparticles as the topmost layer as shown in Figure 16(b)) for 
which we can expect certain additives (e.g. the binder) to provide strong chemi-
cal affinity for the nanoparticle stabilizing ligand. 

FT-IR spectra taken from the ink used in [IV] revealed the presence of car-
bonyl groups suggesting that the silver nanoparticles are coated with a polymer 
ligand such as the water-soluble polyvinylpyrrolidone (PVP). When the sub-
strates were further analyzed using FT-IR it was found that the optimal coating 
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layers contain silanol groups [IV]. We conclude in [IV] that the silanol groups 
enable room temperature sintering by (i) dissolving the nanoparticle ligand by 
providing enhanced water absorption in the coating layer (as shown in [115]) 
and/or (ii) providing strong binding sites so that it is energetically favorable to 
detach the polymer ligands from the silver nanoparticles (the hydrogen bond 
between a silanol group and the carbonyl group of PVP is strong enough 
[116,117] to break the carbonyl–silver bond). 

5.2 Experimental Results 

The SUFS experiments of this Thesis were carried out on inkjet photopaper and 
transparency film substrates [IV]. Commercially available silver nanoparticle ink 
(DGP-45LT-15C from Advanced Nano Products Co. Ltd.) was inkjet printed 
onto the substrates at room temperature. All four of the test substrates provided 
fast solvent intake so that the patterning was dry to touch within a few minutes 
after printing. 

Figure 17 shows the measured sheet resistance of lines printed on two refer-
ence substrates and a substrate with an optimal coating layer. The conductivity 
of the lines printed on the optimal substrate is around four orders of magnitude 
higher than obtained for the reference substrates [IV]. 

The effect moisture has on the sintering process was studied by inserting a set 
of samples into a controlled temperature/humidity environment (temperature 
held at 25 °C / relative humidity (RH) adjusted to 1-5 %, 30 % or 85 %) for 
three days prior to and one day after printing. The printing was carried out under 
ambient conditions (~ 50 % RH / 28 °C) within 3–5 min. The measurements 
were conducted one day after re-exposing the samples to ambient conditions. 

Exposure to high RH enhanced the resulting conductivity as is evident from 
Table 1. The substrates with optimized coating layers provide conductivity 
around one-fourth of the bulk material when stored at high RH. The RH-
dependent increase in conductivity was almost one order of magnitude for the 
opt. subs. 1 (a PET-based inkjet transparency film) and over two orders of mag-
nitude for the opt. subs. 2 (a photopaper optimized for pigment-based inkjet 
inks). Even at low RH, the optimal substrates provide approximately three orders 
of magnitude higher conductivity than is obtained on the reference photopaper 
substrate. The RH dependence on conductivity affirms that water further facili-
tates the removal of the ligand, but exposure to high RH does not alone provide 
room temperature sintering. [IV] 



5. Substrate-facilitated Sintering 

44 

10

0.25 0.5 0.75 1 1.5 2
Line width [mm]

S
he

et
 re

si
st

an
ce

 [�
/�

]

opt. subs. 1

ref. subs. 2
ref. subs. 1

10

10
-1

0

1

2

3

4

5

10

10

10

10

10

0.25 0.5 0.75 1 1.5 2
Line width [mm]

S
he

et
 re

si
st

an
ce

 [�
/�

]

opt. subs. 1

ref. subs. 2
ref. subs. 1

10

10
-1

0

1

2

3

4

5

10

10

10

10

 

Figure 17. Measured sheet resistance of silver nanoparticle lines inkjet printed on coated 
substrates [IV]. The substrate with an optimal ink-receptive coating layer provides near 
bulk silver conductivity via SUFS at room temperature. 

We expect that the SUFS process can be further improved from the level 
demonstrated in this Thesis via a better chemical match between the ink and 
substrate coating layer properties. Since sintering is triggered at the interface 
between the ink layer and substrate, this method provides an interesting possibi-
lity for dual-layer structures with an unsintered nanostructured top surface above 
a sintered highly conducting bottom layer. In Chapter 6.2, SUFS is utilized for 
attaching discrete components to printed conductors, where the sintered silver 
provides the metallic interconnects. 

Table 1. Conductivity of silver nanoparticle patterning inkjet printed on coated substrates 
[S m-1 (% of bulk Ag)], when stored at different RH-levels before and after printing [IV]. 

RH (%) Opt. subs. 1 Opt. subs. 2 Ref. subs. 
<5 1.0·106 (1.6 %) 1.3·105 (0.2 %) 3.7·102 
30 8.3·106 (13 %) 1.9·106 (3.0 %) 5.0·102 
85 1.7·107 (27 %) 1.4·107 (22 %) 1.2·103 
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6. Applications 

This Chapter introduces various applications based on nanoparticle inks and the 
sintering methods developed in this Thesis. As demonstrated here, the conduc-
tivity level obtained by printing and sintering silver nanoparticles is sufficient 
for e.g. ultra high frequency (UHF) RFID antennas and enables low-resistance 
connector wiring between components. Conductor printing is required for prac-
tically all printed electronics systems including flexible displays, lighting panels, 
photovoltaics, keyboards, touch-screens, batteries, sensors, RF tags, memories, 
etc. A distinct advantage of the sintering methods developed in this Thesis is that 
they enable efficient sintering on temperature-sensitive substrates on which 
equivalent conductivity levels cannot be reached by conventional oven curing. 
Both methods provide energy-efficient processing and enable the use of low-
cost, flexible substrates. 

Also, an all-printed memory, where nanoparticle-based memory bits are writ-
ten via RES with low voltage, is demonstrated. A contactless sweep-over ap-
proach is introduced for reading the information content of the memory. The 
SUFS method is shown to provide a novel approach for interconnecting discrete 
components to printed conductors. This approach can enable low-cost hybrid 
solutions combining silicon-based microchips with printed circuitry. 

6.1 Printed Conductors 

Compared to conventional printed circuit board (PCB) manufacturing, the poten-
tial benefits of printing as a technique for realizing electric circuitry include: (i) 
printing is a purely additive technique thus requiring significantly fever pro-
cessing steps, (ii) the consumption of raw materials is reduced (can enable effi-
cient use of expensive materials), (iii) printing enables the integration of compo-
nents with diverse functionalities on the same substrate, (iv) provides fast turn-
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around times with direct-write printing methods, and (v) the process can be more 
environmentally friendly (no corrosive etching chemicals required, reduced ma-
terials and energy usage) [17,92,118,119]. Metal nanoparticle inks 
[18,19,56,97,120,121] and metal-organic decomposition inks [122,123] are often 
employed since these provide higher conductivity than conducting polymers. 

Figure 18(a) shows a typical interdigitated electrode layout that can be em-
ployed in e.g. a printed sensor. For example here, narrow and highly conducting 
finger electrodes are desired to provide high device efficiency. With efficient 
sintering methods, such as RES [I-III] and SUFS [IV] developed in this Thesis, 
this manufacturing approach becomes commercially attractive. Namely, the RES 
method enables processing speeds scalable to a R2R production line [III] while 
the exothermal SUFS approach eliminates the need for any external energy [IV]. 
Furthermore, both methods can also be selectively applied to certain parts of a 
printed structure. In Figure 18(b), for example, contactless RES has been applied 
using an AC probe to provide a narrow conducting path through a spin-coated 
layer of nanoparticles [I] (a similar effect as has been obtained in [59] with laser 
sintering). 

Recent advances in solution-processed optoelectronic devices, e.g. OLEDs 
and thin-film PVs, make low-cost display, lighting and solar energy harvesting 
applications commercially viable [24,27,124,125]. However, the non-negligible 
sheet resistance of the transparent conductor causes a voltage drop along the 
electrode thus limiting the operation of practical, large-area devices. A simple 
and practical solution for reducing the effects of series resistance is to integrate a 
metal grid with the transparent conducting electrode (TCE) [126,127]. The op-
timal grid geometry is a trade-off between shadowing and resistive losses (con-
tact resistance to the TCE and the resistance of the grid itself). Thus, high con-
ductivity is essential for maximizing the device efficiency. 

A typical OLED/PV device structure comprises a transparent substrate with a 
TCE for hole injection/extraction followed by the active layer(s) above which a 
low work function metal is evaporated as the cathode for electron injec-
tion/extraction. Figure 19(a) shows the layer sequence in this case with metal 
grid lines introduced between the substrate and the TCE. This device structure 
has been implemented in OLEDs for improving the homogeneity of brightness 
and reducing luminance loss [126,128] and in PVs for improving the power con-
version efficiency [129,130]. As reported in [III], contactless RES has been 
demonstrated to provide efficient sintering of printed conductor grid lines at 
above 1 m min-1 processing speed on low-cost printing substrates. 
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Figure 18. (a) Inkjet printed interdigital electrode structure (Harima NPS-J silver nanopar-
ticle ink on Kapton polyimide substrate pre-treated with Novec EGC-1700). (b) Infrared 
image revealing a pulse-shaped conducting path formed by scanning an AC sintering 
probe over an unsintered layer of silver nanoparticles [I]. 

Alternatively, the layer sequence can be inverted (Figure 19(b)). The cathode 
is now the bottom electrode and there is no requirement for transparency of the 
substrate. In the inverted geometry, the metal grid is deposited as the final layer 
above the transparent electrode [131,132]. It is certainly not self-evident whether 
RES can be applied to grid lines printed on a conducting layer due to the screen-
ing effect of the TCE. However, also this approach has proven successful for a 
TCE with moderate (>100 �/�) sheet resistance: in this case, the TCE absorbs 
the RF power to generate heat instantaneously, which triggers the sintering pro-
cess in the immediately adjacent silver nanoparticle grid lines. The grid lines 
shown in Figure 19(c) on indium tin oxide (ITO) coated glass (purchased from 
VisionTek Systems Ltd.) were inkjet printed and immediately sintered inline 
using the contactless RES setup of Figure 15. This procedure of applying grid 
lines over the TCE can similarly provide performance improvements for com-
plementary thin-film photovoltaic technologies, e.g. copper indium gallium sele-
nide (CIGS) and nanostructured titanium dioxide dye-sensitized solar cells 
(DSC) [133]. The possibility of applying a higher TCE sheet resistance provides 
cost-savings in manufacturing due to the reduced evaporation times required. 
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Figure 19. Schematic representation of an OLED / PV device structure with metal grid 
lines (a) directly on transparent substrate and (b) as topmost layer for the inverted layer 
sequence [III]. (c) Silver nanoparticle grid lines inkjet printed on ITO coated glass with  
100 �/� sheet resistance. The grid lines were sintered inline using contactless RES im-
mediately after printing when in the ink was still wet. 

6.2 Interconnects 

Hybrid printed electronics, where discrete components (e.g. silicon-based micro-
chips) are integrated with printed structures, offers a complementary approach to 
fabricating devices solely by means of printing. The possibility of interconnect-
ing components to printed structures in a cost-effective manner significantly 
widens the scope of attainable applications and brings several printed electronics 
applications closer to commercial exploitation. 

The transfer printing process has been demonstrated to make cost-effective 
use of silicon ICs by providing a method for placing extremely small and thin 
dice on flexible substrates [53]. When combined with an efficient interconnec-
tion procedure, this high-throughput assembly process can enable a multitude of 
low-cost applications, where various high-performance units on ultra-small sili-
con chips can be interconnected via printed circuitry. 

The typical method used for attaching components to printed circuitry is flip-
chip bonding (pick-and-place) [12] although other methods such as fluidic and 
vibratory assembly have been introduced [134]. The interconnecting bond is 
usually formed with a conducting adhesive [13]. However, recent studies have 
shown that silver nanoparticles provide high quality interconnects when sintered 
at sufficiently high temperatures [135,136]. In [35,36], silver nanoparticle ink is 
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inkjet printed to form interconnecting wiring between silicon chips and discrete 
passive components embedded face-up in the supporting substrate. 

In this Thesis, the SUFS method is used for interconnecting discrete compo-
nents to printed conductor wiring [IV]. The interconnection experiments were 
carried out by printing silver nanoparticle contact pads on the substrate and plac-
ing a discrete component on the pads when the ink was still wet. The ink is in-
stantaneously absorbed into the substrate when the component is brought into 
contact and the SUFS process provides a high quality interconnect between the 
component electrodes and the printed wiring at room temperature. 

In [IV], the contact resistance was roughly estimated by attaching surface-
mount chip resistors to printed pads (as shown in Figure 20(a)) and measuring 
the resistance across the component. Here, the measured resistance was approx-
imately 2 � above the nominal component resistance. In Figure 20(b), the inter-
connection method is demonstrated with a surface-mount light emitting diode 
(LED). 

The component interconnection procedure developed in this Thesis is ex-
pected to enable efficient component assembly in both R2R and digital printing 
processes. Figure 20(a) provides an exemplary set-up, where components are 
attached to inkjet printed circuitry. Here, the placement accuracy is limited only 
by the accuracy of the printer’s motorized stages. 
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Figure 20. Component interconnection procedure based on the SUFS method. (a) Sche-
matic illustration of a setup for drop-on-demand printing of circuit wiring and place-on-
demand interconnection of discrete components. The method is demonstrated with sur-
face-mount chip resistors attached to inkjet printed contact pads. (b) Surface-mount LED 
connected to wiring by placing the LED over still partially wet nanoparticle ink patterning. 
[IV] 
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In practice, an adhesive is required in order to increase the mechanical 
strength of the interconnection. The risk of shorting the printed pads when the 
component is attached can be minimized by using an anti-wetting agent such as 
a fluoropolymer between the component electrodes. In addition, the electrical 
contact could be further optimized by also applying a sintering agent on the 
component electrodes. 

6.3 RFID Antennas and Wireless Resonant Tags 

Metal nanoparticle inks and pastes can be used for printing antennas [37-39,V] 
and RF waveguides [137-140] with reasonable efficiencies. The majority of 
recently published work on printed antennas has concentrated on RFID and 
wireless local area network (WLAN) applications with operating frequencies in 
the HF (3 - 30 MHz) or UHF (0.3 - 3 GHz) bands. At HF, the operation is usual-
ly based on inductive coupling and coil antennas are used [34,50,141,V]. The 
reported antenna types for operation at UHF have included at least inkjet printed 
monopole [142], dipole [37,38,V] and patch [39,143] antennas. 

RFID is a technology for automated identification of objects equipped with 
RFID tags [144]. A passive RFID tag has an antenna, a memory, circuitry for 
communicating the stored information to the reader via load modulation, and 
possibly other components, such as sensors. With the trend of RFID spreading 
from logistics to include consumer products, the IC, tag antenna manufacturing, 
and chip attachment processes are continuously developed to enable a low-cost 
implementation [134]. Printed silver nanoparticle ink antennas are unlikely to 
compete in price with antennas mass-produced by traditional copper or alumi-
num etching processes. However, the development of copper nanoparticle inks 
[97] and the preliminary work demonstrating potential for completely R2R 
printed HF RFID tags [50] make this manufacturing approach all the more ap-
pealing. 

In this Thesis, RFID antennas were inkjet printed using commercially availa-
ble silver nanoparticle ink onto Kapton polyimide film and subsequently sintered 
at 240 °C for 15 min to obtain conductivity approximately one-fourth that of 
bulk silver [V]. For HF coil antennas, the printing and sintering process was 
repeated to increase the conductor thickness above ca. 0.5 μm obtained for one 
printed layer. A tuning capacitor was attached to the coil and the measured fre-
quency response was fitted to that of an equivalent circuit model. Q-values of 
5.3 and 9.4 were obtained for the coils with layout shown in Figure 21(a) when  
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Figure 21. RFID antennas inkjet printed with silver nanoparticle ink. (a) Coil antenna 
targeted for operation at 13.56 MHz. (b) Spiral-shaped half-wave dipole antenna de-
signed for direct impedance matching to a RFID microchip at 867 MHz. [V] 

printed in two and three layers, respectively [V]. The Q-value provides a meas-
ure of the efficiency of the coil for coupling the transmitted energy to the micro-
chip. Here, the inkjet printed coils with limited conductor thickness have higher 
losses compared to etched RFID coil antennas with Q-values typically around 
30-80 [145]. 

UHF RFID tags are usually designed to operate in the far-field of the reader 
antenna. A passive tag extracts part of the incident RF power transmitted by the 
reader so that no external power source for the IC is required. The impedance 
matched tag antenna, which is in resonance at the frequency of the wavefront, 
has a large radar cross-section. Thus, part of the received power is reflected at 
the tag and detected by the reader. Communication from the tag to the reader is 
realized with backscatter modulation whereby appropriate switching of the input 
impedance of the microchip leads to a modulation of the signal that scatters back 
from the tag to the reader.[144] 

The half-wave dipole antenna of Figure 21(b) was studied in [V] for evaluat-
ing the performance of nanoparticle ink for printing UHF RFID tag antennas. 
This (Palomar) antenna design is compact in size and provides efficient material 
usage [146]. Six prototype antennas, printed in one layer of ink, were character-
ized by measuring the antenna effective aperture and comparing the obtained 
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results to a reference etched copper antenna with a conductor thickness of  
18 μm. The effective aperture is defined as the ratio of the power delivered to 
the load with respect to the power density of the incident wave at the tag location 
[147] and thus provides a descriptive measure of the performance of these pow-
er-limited passive tags. In [V], the effective aperture as a function of frequency 
was measured using the method of modulated backscattering described in detail 
in [148]. In addition, the reading distance was measured in a normal laboratory 
environment using a commercial RFID reader operating with 0.5 W RF power at 
867 MHz. The maximum reading distance of the inkjet printed antennas was  
3 m, while 5 m was recorded for the reference copper antenna [V]. 

The results of [V] thus indicate that metallic nanoparticle inks can enable 
printed UHF RFID tag antennas nearly equal in performance with traditional 
copper and aluminum tags whereas obtaining a low enough series resistance for 
the printed HF coil is challenging. While far-field UHF RFID antennas couple 
via electromagnetic waves (the antenna current forms a standing wave along the 
antenna conductors), the HF coil antennas need a long conduction distance to 
couple via the reactive magnetic field (here, the coil antenna and coupling dis-
tance are small compared to the wavelength and the coil current can be consid-
ered quasi-static). 

For RF currents, the skin depth and proximity effects give rise to a non-
uniform cross-sectional current distribution. In this work, for example, the effec-
tive coil resistance at the operating frequency (~ 13.56 MHz) was found to be 
approximately twice as large as the equivalent end-to-end measured DC re-
sistance. Although the HF coil design can be somewhat optimized (e.g. by 
rounding sharp corners), applying thicker nanoparticle layers and an efficient 
sintering procedure are required to notably increase the voltage at the rectifier to 
provide longer reading distances. The radiation efficiency of UHF RFID anten-
nas can be increased by optimizing the antenna design according to the current 
density distribution. In [38], for example, a thicker conductor layer was printed 
around the antenna feed point with highest current density. Similarly, a grid 
structure was applied in [149] to obtain an advantageous trade-off between elec-
trical performance and material costs. 

In addition to all-printed RFID tags, there is also interest for logic-free tags 
and wireless sensors, which are simple enough to be R2R printed at high web 
speeds without exhaustive process optimization and tuning. In this Thesis, a 
chipless inductively coupled RF resonant tag was printed and analyzed [VII]. A 
floating-bridge circuit layout was deployed to allow for possible registration 
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errors between the successive printed layers. Figure 22 shows a set of prototype 
tags R2R gravure printed using silver nanoparticle and dielectric inks. This cir-
cuit layout is similar to that of HF band electronic article surveillance (EAS) 
resonators. However, EAS is not considered to be among the targeted applica-
tions for printed RF tags mainly due to the limitations in conductor thickness and 
coil performance when printed in one layer [150]. A dual-band read-out ap-
proach is suggested in [VII] to enable activation or switching of the tag via an 
interlinking memory bit printed between one of the tuning capacitors and a ca-
pacitive grounding plate. As demonstrated in the following section, RES can be 
utilized to enable printed low-voltage-operated switches. The printed memory 
bit could also be replaced by a printed sensing element in order for the tag to 
function as a wireless sensor. 

 

 

Figure 22. Wireless RF resonant tags R2R gravure printed using silver nanoparticle and 
dielectric inks7. 

                                                      

7 These RF tag prototypes were printed by Dr. H. Kang and colleagues at the Flexible 
Display Research Centre of Konkuk University in continuation of the work reported in 
[VII]. 



6. Applications 

54 

6.4 Memory 

Whether an interactive board game, an electronic golf scorecard, or an RFID tag, 
many printed electronics applications require memory. Hitherto, various printa-
ble non-volatile electronic memory configurations have been demonstrated 
[40,41,151-154] and the first commercial printed memory products are currently 
entering the market [155]. The RES method developed in this Thesis lends itself 
as a printed WORM memory [4,5,156,VI]. 

In order to extract the information content from printed memory or sensor el-
ements, some form of read-out is required. For example, a RFID microchip with 
a sensor interface can enable measuring a printed sensor and communicating the 
data via a printed antenna [46]. In [156], a computer-controlled programming / 
reading device is demonstrated for a RES-based memory. In this Thesis, a con-
tactless read-out scheme is introduced and demonstrated for an inkjet printed 
memory based on silver nanoparticles [VI]. 

6.4.1 Low-voltage-operated All-printed Memory 

The voltage and power levels for RES can be decreased from that originally 
demonstrated in [I] by scaling the sample dimensions accordingly [4]. The elec-
trically programmable memory reported in [VI] was printed in two stages: a 
conducting base pattern was first printed in one session and small memory bits 
were printed afterwards as a separate processing stage. The complete memory 
was printed onto a transparent plastic film with an ink-receptive coating layer 
(equivalent to opt. subs. 1 in Chapter 5). The base electrode pattern was inkjet 
printed with ink containing polymer-capped silver nanoparticles in order to di-
rectly obtain high conductivity via SUFS at room temperature [IV] whereas an 
ink containing thiol-capped silver nanoparticles, which does not undergo spon-
taneous SUFS when printed on this substrate, was used for printing the memory 
bits. Hence, the initial (state “0”) bit resistance was typically above 10 k� [VI]. 
Figure 23(a) shows the measured bit resistance and switching voltage for a typi-
cal transition from state “0” to state “1” via RES. In [VI], the bit state was fur-
ther switched from the low-resistance state “1” to an open-circuit state “2” by 
driving current through the bit (fuse-like action [156]) as shown in Figure 23(b). 
This memory concept provides low-voltage, two-state memory operation with 
below 100 ms switching times demonstrated. 
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Figure 23. Measured bit resistance RB and applied voltage UDC during bit state switching. 
(a) Transition from the high-resistance state “0” to the low-resistance state “1” via RES. 
(b) Transition from state “1” to the open-circuit state “2” via bit burning (fuse-like action). 
[VI] 

6.4.2 Contactless Read-out 

The contactless read-out scheme of [VI] is based on capacitive coupling between 
the printed conductor patterning and the tip of a PCB. Here, the memory base 
pattern is arranged as a conducting comb of parallel lines adjacent to a common 
electrode. The memory bits, printed between the lines and the common electrode 
as schematically shown for one bit in Figure 24(a), modulate the electrical sur-
face-area of the lines. The data is read-out by sweeping the PCB tip over the 
memory. In [VI], some of the lines are permanently interconnected to the com-
mon electrode for reference (closed bits). 

The PCB tip employed in [VI] is structured from two coupling electrodes, A 
and B, and a large ground electrode. The voltage signal transferred from elec-
trode A to electrode B with respect to ground is measured. Figure 24(b) shows 
the equivalent circuit model, where CINT, C1 and C2 represent the internal capaci-
tance between the electrodes A and B, and the coupling capacitance between 
each electrode and the line, respectively, while CA, CB and CGND are the capaci-
tances of the electrodes and the memory pattern with respect to the ground elec-
trode. Figure 24(c) shows the simulated voltage transfer response as the PCB tip 
is swept over a 0.7 mm wide line terminated with an open (state “0” or “2”) vs. 
closed (state “1”) bit. The modulation of CGND according to bit state is clearly 
visible in the read-out response. 
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Figure 24. Setup enabling contactless sweep-over read-out of printed memory. (a) Sche-
matic illustration of the coupling electrodes (A and B) at the tip of the PCB. (b) Equivalent 
circuit model. (c) Simulated read-out response for a single 0.7 mm wide line terminated 
with an open vs. closed bit. [VI] 

Figure 25(a) shows the comb-like memory layout utilized in [VI] and Figure 
25(b) the corresponding read-out response for the lines marked A-F. The refer-
ence lines B and D are terminated with closed bits, which remain permanently in 
state “1”. In sweep 1 of Figure 25(b), the bits connecting the lines A, C, E and F 
to the common electrode, are in the high-resistance state “0” and these lines 
induce positive-valued peaks in the read-out signal due to weak ground cou-
pling. In sweep 2, the bits correspondent to lines A, E and F have been switched 
(via RES) to state “1”. This switch is visible in the read-out response as a change 
from high signal peaks to almost non-existent ripple about the null-level. In 
sweep 3, the memory bit joining line E to the common electrode is further 
switched from the low-resistance state “1” to the open-circuit state “2”. Now, the 
amplitude peak corresponding to line E has reappeared in the read-out signal. An 
unsintered bit can also be programmed directly from state “0” to state “2” as is 
demonstrated with line C in Figure 25. [VI] 
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Figure 25. (a) Electrically programmable inkjet printed memory. Memory bits connecting 
the lines to the common electrode are shown in the inset. (b) Measured read-out re-
sponse when the PCB tip is swept over the selected lines labeled A-F. In sweep 1, the 
bits corresponding to lines A, C, E and F are in state “0”. In sweep 2, lines A, E and F are 
short-circuited to the common electrode via state “1” bits. In sweep 3, line E is once again 
disconnected from the common electrode via a state “2” bit. The reference lines B and D 
remain connected to the common electrode via closed bits during all sweeps. [VI] 

This read-out method does not require for the PCB tip to pass over the actual 
memory bits; instead, a crude alignment of the reader device to the lines is suffi-
cient for sweep-over read-out. With this implementation, only a very small vol-
ume of the memory bit material joining the conducting lines to the common 
electrode is required. This read-out approach can, more generally, be applied 
also to printed sensors, for example. Also here, the significant benefit would be 
the small volume of sensing material printed. The demonstrated memory design 
offers potential for high-throughput R2R production. 
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7. Discussion 

Printed electronics can significantly extend the application space addressed by 
conventional silicon-based electronics. Where high-speed R2R printing moti-
vates for large volume manufacturing to enable low-cost8 components and  
products, contactless direct-write printing methods can generate benefits due to 
design flexibility, customization and minimal usage of expensive materials.  
These methods are inherently suited for producing large area circuits which, 
often inevitably, imply long conductor distances. High conductivity is essential 

                                                      

8 The term “low-cost” is frequently used in the context of printed electronics. It can refer 
to the manufacturing cost per device or it can be associated with manufacturing line 
setup and maintenance costs, which can be significantly lower than with conventional 
semiconductor fabrication. At the low limit (a R2R mass-manufactured device exhibiting 
a low fill-factor pattern), the total manufacturing cost per device (including material, 
facility, operator, electricity etc. costs) can, in principle, be dominated by the cost of the 
substrate (where, for example, DuPont Teijin Melinex ST504 PET currently costs ca.  
$3 m-2 at 125 μm film thickness, when purchased as a roll 300 mm in width and 475 m in 
length). Silver nanoparticle inks are currently priced at around $5 - $10 g-1 for a one-
time purchase order of less than 1 kg and, according to one supplier, can go down to  
$2 g-1 if purchased in very large quantities. As an example, inkjet printing with 10 pL 
drop volume and 20 μm dot pitch, as used in [V], equates to $50 - $250 m-2 for one 
printed layer. Hence, while a nanosilver printed grid pattern with a low fill-factor can be 
price-wise competitive for photovoltaic or lighting applications, the ink costs for RFID 
antennas can be less economic; using the large-quantity price estimate, the dipole and 
coil antennas of Figure 21 calculate roughly to $0.01 and $0.10 when printed in one and 
three layers, respectively. 
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for reducing the total resistive losses and directly affects material costs by allow-
ing the line widths and/or number of printed layers to be reduced. As is the case 
with printing methods, there similarly is no one particular sintering method 
which can perfectly address all of the numerous applications and associated pro-
duction scenarios. The objective of this Chapter is to discuss and compare the 
RES and SUFS technologies to other sintering methods. An outlook on the fu-
ture prospects of these technologies is also provided. 

Different sintering methods rely on different physical mechanisms for cou-
pling energy to the nanoparticle structure. Thermal ovens transfer energy via 
convection, conduction and thermal radiation so that the printed pattern and the 
substrate are heated alike. Usually, the temperature distribution within an oven is 
uniform and this sintering method can be described as being neutral in terms of 
feedback. Plasma sintering is similarly carried out using fixed process conditions 
and the sintering efficiency is strongly influenced by the energy level of the 
plasma interacting with the nanoparticles [71]. RES, as applied in this Thesis, 
exhibits strong positive feedback. Namely, the electric field applied across the 
nanoparticles induces current flow through the structure. This leads to local heat-
ing by dissipation, which increases the conductivity of the structure and further 
increases power dissipation via Joule heating. Microwave oven sintering relies 
on the same physical mechanism as RES for energy transfer, but allows signifi-
cantly less control over biasing. Commercial microwave ovens typically com-
prise a magnetron source and a rectangular resonant cavity, where several modes 
can coexists. The resultant field pattern also depends on the size, shape and  
orientation of the printed sample, which can cause a notable perturbation to the 
field during sintering. Nonetheless, with sufficiently long sintering times and 
optimized target structures, sintering by microwave irradiation has been proven 
successful [66,67]. Laser sintering is employed by scanning a beam across print-
ed patterning [60,61]. The wavelength of the laser can be tuned to obtain optimal 
energy coupling to the nanoparticle structure [57,58]. A very high-energy light 
pulse can be used sinter nanoparticles over a large area [62,64,65]. The adjusta-
ble parameters include pulse duration (typically in the range of 0.1 - 10 ms), 
intensity, impinging wavelengths and the number of pulses. With the operating 
parameters applied in [65], only the top surface of the printed silver nanoparticle 
track became efficiently sintered due to the photothermal effect leaving the inner 
part (lower half of the ca. 500 nm thick track) only partially sintered via the heat 
transferred from the surface. A major benefit of pulsed light sintering is the abil-
ity to sinter copper inks under ambient conditions without oxidation [62]. In 
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[63], laser and pulsed light sintering are classified as negative feedback methods 
due to the increase in reflectance of the target surface (decrease of energy cou-
pling) during sintering. Indeed, the in situ reflection image of the laser is utilized 
in [58] to enable real-time monitoring of the sintering process. SUFS and other 
equivalent sintering methods [68-70,114] rely on a chemical reaction to detach 
the anchoring groups of the stabilizing ligands from the surfaces of the nanopar-
ticles. Thereafter, the exposed nanoparticles sinter at room temperature through 
the release of stored energy as the total surface area of the nanostructured system 
is reduced. 

Table 2 is an attempt to evaluate and compare the RES and SUFS methods 
against oven sintering, laser sintering, pulsed light sintering, microwave sinter-
ing and plasma sintering. The performance in terms of various criteria, and fea-
sibility for certain methods of implementation, are graded on a relative scale as 
excellent (“++”), good (“+”), fair (“-“), or poor (“--“). Some data points are 
marked “N/A” (not available) to indicate that the literature on the use of the 
corresponding sintering method is limited, or non-existent, with regard to the 
evaluation parameter being compared. Although the ratings in Table 2 have been 
assigned according to the current knowledge and best understanding of the au-
thor, it must be emphasized that this comparison is not established upon any 
single comprehensive study undertaken using well-specified samples etc. Further 
to that, this ranking is more or less inextricably intertwined with the application 
in question and the manufacturing parameters used. For example, the energy-
efficiency of oven sintering is related to the pattern fill ratio and the number of 
devices produced in one session. Nonetheless, Table 2 does provide a relatively 
unambiguous classification of the benefits and drawbacks of the various sinter-
ing methods, which are important to recognize when selecting a technology ac-
cording to one’s production needs. 

In the first row of Table 2, the process speed is compared as per the duration 
of the transition from the initial unsintered state to the sintered state. Millisecond 
performance can be achieved with RES [I], laser sintering [57] and pulsed light 
sintering [62,64,65], whereas microwave sintering has been demonstrated on 
time-scales of 3-300 s [63,66]. One can argue that, in an ordinary microwave 
oven, an electric field strength equivalent to that enabling millisecond RES will 
unavoidably cause electrical breakdown through the nanoparticle layer (hence 
destroying the sample) due to the absence of proper biasing (as described in 
Chapter 4, the RES process is controlled by applying a power limiting resistor or 
by arranging an appropriate coupling capacitance). Oven sintering is typically 
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Table 2. Comparison of sintering methods with respect to selected evaluation parameters 
(Legend: “++” excellent; “+” good; “-“ fair; “--“ poor; “N/A” insufficient data). 

Evaluation  
parameter 

Oven RES SUFS Laser Pulsed 
light 

Micro-
wave 

Plasma

Process speed - ++ -- ++ ++ + - 
Flexibility  
regarding ink 
type and initial 
condition 

++ - -- + N/A - - 

Ability to process 
on temperature-
sensitive  
substrates 

-- + ++ + + N/A N/A 

Feasibility / rea-
diness for imple-
menting on R2R 
production line 

+ - ++ - ++ - -- 

Energy-
efficiency9 

-- + ++ + - - - 

Real-time process 
monitoring 

-- ++ -- + N/A -- -- 

Footprint of  
production tool 

-- ++ ++ ++ + - - 

Capability for 
area-selective 
sintering 

-- + - ++ -- -- -- 

Maturity level 
(repeatability and 
predictability) 

++ - -- + + - - 

                                                      

9 Energy-efficiency is assessed here according to how well the process can direct and 
couple energy to printed features. A more informative evaluation would provide an esti-
mate of the convertion efficiency between the energy the device draws from the mains 
supply and the energy delivered to the target structures for the purpose of sintering. 
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reported to require some 1-60 min [18,63,97,V] whereas plasma sintering was 
completed within 60 min in [71]. In [IV], we note that the final conductivity 
level is reached on a time-scale of days with the SUFS method. In fact, with 
SUFS tests equivalent to those carried out in [IV], the major transition in con-
ductivity has been measured to occur already during the first 15 min after print-
ing. 

In this Thesis, RES is applied to silver nanoparticle structures printed onto 
coated paper [I-III] and plastic substrates [VI] as well as onto a non-absorbing 
plastic film, in which case, the nanoparticle layer is pre-dried to evaporate the 
ink solvent and to obtain the adequate level of initial conductivity required [III]. 
Similarly, also the recent studies on pulsed light, microwave and plasma sinter-
ing have been carried out on nanoparticle structures dried (in an oven or on a 
heated platen) prior to sintering [62,66,67,71]. Laser sintering has been success-
fully demonstrated not only on pre-dried nanoparticle layers [59,61], but also on 
wet ink directly after printing [57,58,60]. In Table 2, only oven sintering has 
been rated superior to laser sintering in terms of flexibility regarding ink type 
and initial condition; when neglecting external limiting factors (e.g. the thermal 
tolerance of the substrate) and oxidation etc. issues, one can assume that thermal 
oven sintering can deliver the required energy to evaporate the solvent and to 
detach the ligands irrespective of parameters such as particle size, solid loading 
ratio, initial conductivity and permittivity, and so on. Pulsed light sintering has 
not been assigned a grade on row two of Table 2 due to the fact that this tech-
nology has recently undergone significant advances in the commercial sector 
(the introduction of the PulseForge® line of products by NovaCentrix, Inc., for 
example) and the author is unaware of how wide a range of printed materials the 
method can ultimately be applied to. Sensitivity towards ink composition is cur-
rently recognized as a potential drawback of SUFS10. 
                                                      

10 The printed memory introduced in [VI] and presented in Chapter 6.4 provides a prac-
tical example of how the chemistry and structure of the ink affect the sintering efficiency 
on a particular SUFS substrate. In this application example, it is desirable to have the 
counter-agent in the substrate coating layer provide high reactivity with one ink (used 
for printing the conducting electrodes) while demonstrating weaker interaction with the 
second ink type (used for printing the resistive memory bits later sintered via RES).  
Indeed, it is interesting to note that the SUFS-enabling counter-agent can, at least in 
principle, be optimized also in terms of selectivity over specific ink components. 
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The ability to sinter nanoparticles on temperature-sensitive substrates is highly 
beneficial for printed electronics. At best, as is the case with chemical sintering 
(e.g. SUFS), both printing and sintering can be carried out at room temperature 
without any type of post-annealing. This way, conductors can be patterned not 
only on low-cost paper and plastic substrates, but also on textiles, over pre-
existing features, and possibly even on biological surfaces such as on the leaves 
of plants if this was ever to be considered. RES, pulsed light and laser sintering 
similarly allow the use of temperature-sensitive substrates; with these methods, 
the temperature of the thin nanoparticle layer is raised only momentarily so that 
the heat leaked into the substrate remains at a tolerable level. For example, the 
pulsed light sintering simulations carried out in [64] suggest that the temperature 
of the silver nanoparticle layer exceeds 600 °C during irradiation and decreases 
to room temperature in less than a millisecond after the pulse (interestingly, a 
notably lower peak temperature is estimated for RES in Figure 12 [3]). Micro-
wave and plasma sintering also couple energy selectively to the nanoparticle 
layer. However, since the literature found by the author on these methods fails to 
provide any record of the temperature profile during the process, these methods 
are not evaluated on row 3 of Table 2. 

Typical R2R printing lines contain one or several curing ovens through which 
the web is guided after printing. Although incorporating an oven on a R2R pro-
duction line is, as such, easy to implement, the oven lengths tend to increase to 
several meters in order to provide sufficiently long curing times for sintering. In 
addition to exhibiting a large tool footprint, large ovens are expensive, highly 
inefficient on energy usage and inflexible with respect to changing the tempera-
ture (lengthy response-times restrict online adjustment and the system is timely 
on start-up). 

RES can enable contactless sintering at pass-over speeds exceeding 25 mm s-1, 
but, in its current state of technological development, has not yet been imple-
mented on a pilot-scale R2R line to demonstrate sintering of arbitrary printed 
patterning. The impedance seen from the coupling electrodes of the sintering 
head is a function of (i) the position and time-dependent sheet resistance of the 
nanoparticle layer, (ii) the pattern geometry, (iii) the electrical properties of the 
substrate, and (iv) the working distance. As discussed in [III], the optimal elec-
trode geometry is, to some extent, a trade-off between feature resolution (the 
spacing between the electrodes should be smaller than the minimum individual 
printed features) and working distance (the distance between the sintering head 
and the web should be as small as possible to allow for the electric field between 
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the coupling electrodes to induce a lateral current through the unsintered layer of 
nanoparticles). In a practical R2R environment, a working distance of not less 
than ca. 100 μm should suffice to prevent significant deviations in impedance 
matching due to web fluctuations or substrate roughness [III]. Is this sense, a 
sintering electrode arrangement of the kind shown in Figure 15 can provide a 
working solution. One possibility for R2R RES would be to implement an array 
of such sintering heads across the width of the web. Efficient power coupling to 
the printed features would then be achieved via real-time adjustment of the im-
pedance match (and/or operating frequency) of each branch individually or by 
integrating several rows of sintering heads, where each row is stepwise matched 
to the progressively increasing pattern conductivity [III]. Furthermore, the sinter-
ing power should be scaled with respect to the feature dimensions to have uni-
form sintering of large areas and narrow patterns alike. High-performance con-
trol circuitry and specialized computational algorithms are thus necessary if 
these functions are to be carried out at high web speeds11. Evidently, RES has 
much potential for use as a fast, energy-efficient, and multifunctional sintering 
method also in R2R production, but a considerable amount of engineering effort 
is still required before optimal performance can be achieved. 

In Table 2, SUFS and pulsed light sintering are perceived to exhibit excellent 
feasibility for a R2R production line implementation; 1) ink-receptive substrate 
coatings are generally R2R printable and sintering takes place in situ after print-
ing, 2) pulsed light sintering is applied over large areas from a large working 
distance. Although laser sintering can be applied on a R2R system, the scanning-

                                                      

11 A cost estimate for a hypothetical R2R RES station compiled using off-the-shelf  
components works out somewhere around $10 thousand to $50 thousand. Selecting an 
operating frequency somewhere around 1-3 GHz is beneficial in terms of component 
availability and price due to the existence of various mobile systems operating in this 
frequency range. The microcontrollers, oscillators, amplifiers etc., associated with each 
individual sintering head, are assumed to be built onto a standard PCB. The uncertainty 
in cost increases for the high-power RF modules, i.e. the impedance tuners and the  
directional couplers; also these should preferably be compact in size but, at the same 
time, should provide low-loss performance. Further cost determinants include the  
mechanics, cooling, enclosure, etc. The details of the cost analysis are not included in 
this Thesis overview. 
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based mode of operation does not appeal as the most feasible approach for high-
throughput mass-production. Then again, the energy-efficiency of laser sintering 
can be better than that of pulsed light sintering because the focused laser beam 
can be scanned over selected features only. A microwave oven can, at least in 
principle, be incorporated on a R2R line by introducing exit slots at both ends of 
the microwave cavity. However, precautions need to be taken in order to limit 
radiation leakage through the wide slots. Whilst radiation leakage is obviously 
an issue also with AC RES, the contactless RES method is based on near-field 
coupling and propagating electromagnetic waves are never intentionally trans-
mitted from the sintering head12. Plasma sintering requires a vacuum chamber 
and is thus considered incompatible for integration with a R2R printing system 
(existing R2R plasma treatment units require offline loading/unloading of the 
printing rolls). 

RES is the only sintering method, which can provide real-time monitoring of 
the conductivity per se. This is highly advantageous not only for ensuring that 
sufficiently high conductivity is obtained, but also for controlling the process to 
sinter to a pre-defined target resistance. In [157], for example, Aerosol Jet print-
ed strain gauges are sintered using a DC RES setup, where an electronic regula-
tor module is employed to stop the current flow once the targeted electrical re-
sistance is achieved. In this Thesis, real-time monitoring is demonstrated also 
with contactless AC RES. With AC sintering, however, the associated instru-
mentation and data analysis are more complex than in the DC case. The load 
impedance (the impedance seen from the coupling electrodes) can be monitored 
during the process by measuring both the magnitude and phase of the power 
reflected from the sintering head (as demonstrated in Figure 14). In [III], we 
explain how the load impedance can be determined also from the measured tuner 
input impedance by mapping over the tuner. However, this setup arrangement 
necessitates measuring/simulating the impedance parameters of the tuner 
through all the adjustable (position) combinations applied. Consequently, a more 
practical approach is to apply a dual directional coupler between the sintering 

                                                      

12 When applying 100 W feed power at 2 GHz, the maximum power density at one meter 
distance from the sintering head of Figure 15 was measured to be 130 mW m-2. This 
corresponds to an equivalent isotropically radiated power (EIRP) of 1.6 W, which is in 
the same range as that permitted for cellular handsets. 
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head and the tuner. This way, the incident power and the power reflected from 
the load can be measured separately thereby enabling the load power to be ex-
tracted. A relevant improvement to the procedure applied in [III] is that the pow-
er dissipated in the target nanoparticle structure can, in this case, be directly 
measured and disentangled from tuner losses without using pre-measured data or 
complex mathematics. Laser sintering is the only other method, in addition to 
RES, which has been shown to enable in situ process monitoring. Here, the re-
flection image of the laser beam from the nanoparticle target structure changes 
significantly upon sintering and thus provides a means for qualitative analysis of 
the sintering degree in real time [58]. In Table 2, oven sintering, SUFS, micro-
wave and plasma sintering are considered incapable of facilitating in situ moni-
toring of the sintering process. The high-energy light pulse reflection from the 
nanoparticle pattern could be imaged (after filtering) to possibly enable real-time 
monitoring of the process, but seeing that there is no record of such analysis in 
the literature, the pulsed light sintering method is left unevaluated on row 6 of 
Table 2. 

Direct-write printed nanoparticle structures are usually sintered offline after 
the whole layer has been patterned. Nonetheless, many of the evaluation parame-
ters already discussed above (process speed, ability to process on temperature-
sensitive substrates, etc.) are equally important when performing sintering  
offline. The concept of integrating an inline sintering tool with a direct-write 
printhead undoubtedly inspires much interest. A vital parameter, in this case, is 
the footprint of the tool. It certainly appears feasible to have one or several laser 
beams follow the printhead so as to enable laser sintering on the fly (in a similar 
fashion as is carried out in [57,58]). Also contactless RES can potentially be 
applied using a small-scale device configuration. One feasible approach could be 
to incorporate a wide sintering card (something similar to the PCB sintering 
head of [III], but with larger coupling electrodes to increase the working dis-
tance) adjacent to a multi-nozzle printhead to provide in situ sintering on an 
industrial-scale inkjet printer. Although pulsed light sintering is best suited for 
large-area processing, it would seem reasonable to have a flash lamp system of 
this kind incorporated also on a direct-write printing system. SUFS is certainly 
compatible with direct-write printing (no additional post-treatment tooling re-
quired for sintering on the pre-coated substrates). 

Laser lends itself readily to area-selective sintering; a focused laser beam is 
used in [59] to sinter inkjet printed and pre-dried gold nanoparticle structures at 
very high resolution (the sintering line width can go down to 1-2 μm). Further-
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more, these laser processing tools can also be used for ablation [113] (e.g. for 
trimming of the printed features and for drilling via holes). In [I], we provide a 
proof-of-concept demonstration of area-selective RES by scanning an RF probe 
across an unsintered nanoparticle layer (Figure 18(b)). The experimental results 
presented in [I] are quite promising and there is undoubtedly much room for 
improvement; one possible approach to increase the sintering resolution could be 
to apply pulsed (instead of continuous) RF power in order to reduce thermal 
diffusion outside the targeted areas. Recent, though not yet published, experi-
ments show that the SUFS substrates can be locally “activated“ by jetting a 
counter-agent solution over selected regions on the coated substrate - thus, in 
principle, enabling area-selective sintering. 

Oven sintering is by far the most mature of the sintering methods compared in 
Table 2. Also laser and pulsed light sintering are, in their current stage of  
development, estimated to provide better repeatability and predictability than 
RES, SUFS, microwave and plasma sintering. SUFS represents an immature 
sintering technology somewhat retarded by the limited understanding of the 
process (the underlying chemistry for explaining the susceptibility to environ-
mental conditions has not yet been accurately characterized, for example [IV]). 
Nonetheless, as is clearly evident from Table 2, the methods developed in this 
Thesis feature many benefits and have the potential to become widely applied in 
printed electronics. The success and adoptability of RES will ultimately depend 
on how well the design and operating parameters are identified, and to what 
level these process variables can be controlled, optimized and automated. In fact, 
RES can potentially provide a generic tool for curing printed materials; the con-
tactless RES setup of this Thesis has already been demonstrated to enable rapid 
and efficient drying of screen printed silver paste, for example. From a commer-
cial aspect, the breakthrough sintering technologies are likely to become estab-
lished as those which best serve the production requirements associated with 
certain “killer applications” yet to emerge in the printed electronics market. 
Hence, the production process may require sintering under an inert atmosphere 
(wherein plasma sintering could turn out to be most suitable) or e.g. sintering a 
low fill-factor pattern over a large area (in which case RES or laser sintering 
would presumably be the best choice in terms of manufacturing cost-efficiency). 

The RES and SUFS methods are exploited in several of the applications stud-
ied in this Thesis. An advantageous feature of RES is that the process parameters 
(the required voltage and power) are scalable in proportion to the dimensions of 
the target structure. This dependency is exploited in the printed memory of this 
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Thesis, but also various other low-power application possibilities exist. One 
could imagine having various kinds of electronic circuits embedded in printed 
media, which carry out some function when activated by the end-user. Here, a 
hand-held contactless RES device could be employed to selectively sinter nano-
particle-based switches interlinking the circuits to a printed battery, for example. 

A major drawback of the RES-based memory is the fact that the sintering pro-
cess is irreversible. Furthermore, the viability of this memory technology is, to 
some extent, challenged by the long-term stability of the memory bits in their 
unsintered state (retention times above 100 days were reported in [4] for bits 
stored at low relative humidity). In some cases, the memory bits need to be pre-
sintered to obtain initial resistance values within a desired range. Nevertheless, 
the fact that this memory structure is extremely simple, and each memory bit 
requires only a minimal volume of ink, does motivate to use this technology in 
certain memory applications (e.g. electronic fairground or car wash tickets, 
where each “ride” is irreversibly written into the memory until the ticket is used 
up). Recently, the RES WORM memory was implemented in a pilot-scale tech-
nology demonstration, where a thousand electronic questionnaire cards were 
produced for the Best Booth voting at Printed Electronics Europe 2011 Confer-
ence in Dusseldorf, Germany. The memory bits (for storing the information in-
put by the user, i.e. the vote) were R2R flexo-printed at VTT using silver nano-
particle ink. 

The memory bit resistance can be lowered also in a stepwise manner to enable 
multi-state operation [156]. The significant benefit here is the large data storage 
capacity (number of combinations) obtained with only a few printed memory 
bits. Evidently, the optimal memory configuration is a trade-off between the bit 
stability, the resolution of the reader, and the maximum available surface-area 
assigned for the memory layout. Even in light of the rather promising results 
obtained thus far, the aforementioned reliability-related issues are nevertheless 
to be overcome before this memory technology can become widely accepted. 
Even then, this is probably not the best solution for applications required to pro-
vide exceptional durability and life-time. 

A first proof-of-concept demonstration of SUFS-enabled component attach-
ment is reported in this Thesis. Although a more thorough investigation of the 
contact resistance and the repeatability of the process, as well as the environ-
mental stability and mechanical durability of the interconnection, is yet to be 
carried out, the initial results are extremely encouraging; even after two years of 
shelf storage, the SUFS-interconnection to the surface-mount LED of  
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Figure 20(b) was still fully functional and did not degrade during routine han-
dling. This confirms that it is certainly the sintered metal that provides also the 
mechanical connection rather than any kind of capillary effect in the substrate-
ink-component interface. 

The future potential of this component interconnection method is largely de-
pendent on the resolution the process can reach. Minimizing the chip size com-
plicates the assembly process and translates into ever narrower contact electrode 
spacing. Although the printing resolution obtained with e.g. inkjet systems is 
continuously increasing, the alignment accuracy of placing the chip over the 
printed contact areas is critical for the assembly procedure to be successful.  
Furthermore, the timing between printing the nanoparticle electrodes on the 
SUFS substrate and placing the component over the still partially wet ink, re-
quires systematic control and optimization especially if several components are 
attached in parallel. 

Wireless communication between printed electronics and external devices is 
an interesting topic of research and is expected to inspire disruptive solutions 
departing from standard technologies and protocols. The contactless read-out 
scheme introduced and demonstrated in this Thesis is a prime example of such a 
solution, which enables RF data transfer from the printed memory to the reader 
while allowing for remarkably unsophisticated printed circuitry. Contactless 
read-out of printed memory is beneficial in terms of reliability (circumvents e.g. 
contamination problems manifested in contact-mode read-out) and ease of use, 
and allows for the complete encapsulation of the memory with a protective film 
in order to extend the shelf life. Furthermore, the coupling electrodes and 
memory layout dimensions can be adjusted to enable read-out through a thicker 
packaging material (without line-of-sight) if required. 



 

70 

8. Conclusions 

In this Thesis, nanoparticle sintering methods and applications for printed elec-
tronics were developed. The research work was carried out in a laboratory envi-
ronment using commercially available materials. The majority of the test struc-
tures studied were fabricated by inkjet printing. R2R gravure printing was inves-
tigated for printing multilayer passive electric circuitry. 

The research work of publications [I,II] addressed the problem of sintering 
nanoparticle structures on temperature-sensitive surfaces/substrates by introduc-
ing the RES method. RES was demonstrated to provide efficient and extremely 
fast sintering of inkjet printed silver nanoparticles, when performed by coupling 
a DC voltage over the structure. Publication [III] is a record of the work under-
taken with the objective of developing the RES method towards a practical adap-
tion suitable for e.g. printed electronics manufacturing. In [III], contactless RES 
was implemented by coupling the near-field electric field of a sintering head 
across the underlying nanoparticle layer. The biasing conditions allowing for 
controlled power delivery to the layer were derived and implemented at micro-
wave frequencies. A completely different sintering approach is described in pub-
lication [IV], where printed silver nanoparticles underwent spontaneous room 
temperature sintering when printed on chemically matched ink-receptive surfac-
es. This SUFS method was demonstrated also to provide an efficient method for 
attaching discrete components to printed conductors. 

The work carried out in publication [V] showed that UHF RFID antennas fab-
ricated by silver nanoparticle printing and sintering can be nearly equal in per-
formance with the traditional etched copper and aluminum tag antennas whereas 
obtaining low enough series resistance for inkjet printed HF coils can require 
multilayer printing. In publication [VI], an all-printed memory providing two-
state operation via RES and fuse-like action was demonstrated. The memory was 
arranged as a comb pattern with the small memory bits interlinking conducting 
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lines and a large common electrode. The lines and common electrode were inkjet 
printed with polymer-capped silver nanoparticles to obtain high conductivity via 
SUFS on the (coated) plastic substrate whereas thiol-capped nanoparticles were 
used for printing the memory bits. The bit state data was read-out by sweeping a 
prototype reader over the memory. The capacitive modulation read-out method 
presented in [VI] can be utilized for low-cost memory applications as well as 
printed sensors. A passive RF resonant tag fabricated by R2R gravure and inkjet 
printing was studied in [VII]. The floating-bridge circuit layout lends itself to 
high-throughput manufacturing by allowing for registration errors between the 
successively printed conducting and dielectric layers. A multi-state tag concept 
was suggested in [VII] where the tags resonance frequency is switched from one 
frequency band to another by RES. 

The example structures and materials studied in this Thesis by no means rep-
resent an exhaustive record of the possible applications enabled by these tech-
nologies. In fact, the RES and SUFS methods may also find use in applications 
outside the context of low-cost printed electronics, for example, in the textile 
industry or in the manufacturing of high-end products such as mobile devices. 
What is for certain is that printed electronics is, at least from an academic per-
spective, an extremely exiting, multidisciplinary field of research expedited by 
scientific advances made in e.g. self-assembly processes, carbon nanotube and 
graphene based materials engineering, and even molecular electronics. It will be 
interesting to see what role, if any, the sintering methods and/or applications 
presented in this Thesis will play in future printed electronics manufacturing or 
applications. 
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Errata

In publication [V], in section II, equation (1) 
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2 4
4 TATr

Trr
eff XXRR

RRGA
���

�
�

�
�  

contains a misprint and should stand 

� � � �22

2 4
4 TATr

Trr
eff XXRR

RRDA
���

�
�

�� , 

where � is the radiation efficiency, � is the wavelength in free space, Dr is the 
directivity of the tag antenna, Rr the antenna feed resistance, XA the antenna feed 
reactance, RT the load resistance, and XT the load reactance. This misprint (an-
tenna gain Gr = �Dr in place of directivity) does not affect the results, analysis or 
the conclusions of publication [V]. 






